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PREFACE R -

For the foreseeable future, the United States is apparently com-
mitted to maintaining a certain number of overseas bases, varying from
small, single-function electronic facilities to large, multifunction
ccmplexes. These bases currently are dependent primarily upon petrol-
eum for their energy requirements. Events of the past two years, how-
ever, have demonstrated the need for considering other energy sources
in order to conserve a limited petroleum resource and to lessen depend-
ence on oil imports.

This report examines some of the energy resource and technology
alternatives for remote U.S. bases. Three indigenous energy resources--
solar radiation, wind, and occan waves--are analyzed as potential sub-
stitutes for petroleum fuel. The results of the study should assist

the Department of Defense in assessing the energy requirements of re-

mote bases and the costs of providing them with indigenous energy systems.

This research was undertaken as part of a Rand study program on
energy availabil:ty and national security, sponsored by the Defense
Advanced Research Projects Agency, which focused on the implications

of the energy shortage for Department of Defense operations, force pos-

ture, anc long-range planning decisions.
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SUMMARY

This report examines the potential for use of indigenous energy
resources at remote military bases as a means of both conserving con-
ventional petroleum fuels and reducing the vulnerability of such bases
to fuel blockades and embargoes, Although an individual remote base
may have a fairly low energy demand (an average of about 10 MW), to-
gether they pose a considerable problem in terms of maintenance of
supply and of cost.

Three indigenous energy sources were analyzed as potentially suit-
able for remote hase utilization: solar radiation, winds, and ocean
waves. Their relative aveilability was studied, and i brief survey was
made of the technological state of the art for their conversion into
power.

An analytic computer model developed by this study was used “o
examine the size requirements and costs of the various remote base
energy systems.

The report is divided into an Introduction and rour major sections.
Section II presents an evaluation of the energy resource potential of
the North Atlantic Ocean, the Caribbean, the Indian Ocean, and the
Pacirtic Ocean. The regions, including some eight subregions, were
analyzed for the potential power density available from each c¢f the
three indigenous energy resources. Power densities were calculated and
compared for the midpoint of each of the four seasons of the year.

Section III provides a brief outline of some of the basic state-of-
the-art technologies for both resource conversion and storage, including
a first cut at some system cost estimates. On the basis of the survey
it is apparent that the technologies for the conversion and storage of
solar and wind energy resources are well advanced as a result of a
national effort. However, with the single exception of work at the Uni-
versity of Edinburgh, there appears to be little effort on the potential
of wave power systems. Considerable research and development will be
required to bring this technology to the current level of solar and wind

systems. Three storage systems—--chemical, thermal, and mechanical--were

surveyed for their utility at remote bases.
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Section IV uses a power system model to evaluate the relative
effectiveness of the three indigenous energy sources in satisfying
remote base power requirements. The model solves for energy collector
size, storage requirements, and conventional power inputs. A standard
remote base is positioned in five geographic locations, and the results

of the simulation are compared and summarized. Initial cost compari-

sons are made of the several combinations of systems.

A conclusion of the study is that there are sufficient indigenous
energy sources at man remote bases to be of practical value. The state
of the art of solar and wind systems is quite mature. The wave energy
system, however, is not well understcod, nor is it currently receiving
much attention. The drawback of total indigenous energy systems is the
high initial cost, due in part to the large storage system required.

The mixed use of a conventional (petroleum-based) fuel system (generator-
furnace) with an indigenous energy system would markedly reduce initial
cost because the energy storage requirement would be reduced. TFor ex-
ample, a combined solar system and conventional system appears to repre-
sent a good mix for Diego Garcia, whereas a combined wind and conven-
tional system is better for Adak.

For all the ranges of parameters examined, the initial cost of the
combined conventional and indigenous energy system exceeds the cost of
a conventional system by at least a factor of three. Thus the indigenous

energy system cannot, at present, be justified on the basis of cost for

remote bases. But it does provide ar energy alternative tc the present
i ‘ situation of complete dependence on petroleum, and it may lessen the

: vulnerability of these bases in times of crisis.
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INTRODUCTION

BACKGROUND

For the foreseeable future, the United States is 2yparently com—

mitted to maintaining a certain number cf overseas bases, varying from

small, single-function electronics facilities operated by one scrvice

multifunction complexes operated by several service

component to large,

This diverse ccilection of bases is maintained feu a variety

occupants.

of reasons including:

e Fleet support

e Communications

e Surveiflance

e Satellite control
e Aircraft support

One common bond unites all bases, regardless of function and size,

In peacetime this energy need can
ONUS, transshipment

and that is the need for energy.

generally be satisfied by direct shipment from the C

from a

n overseas military support depot, or importation from foreign

refineries (including local purchases from the host country if the base

were located on foreign territory; an example might be the Naval Sta-

tion at Keflavik, Iceland).
ernational emergency OT tension,

coastal locations in foreign countries

During periods of int many bases

lccated either on islands or at

might find themselves cut off from their usual source of supply. 1f

they had to obtzin fuel direct from the CONUS, the delays and conse-

cuent effects on the mission of the base could be considerable. Delays

might occur because of the increased transit time and the time required

to obtain additional tankers to fill the longer "pipeline," and in some

cases, if the civilian economy had alsc been affected, addi.ional time
might be required to find an uncommitted or lower priority source of

fuel.
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Ideally, to circumvent the effect of a cutoff of normal fuel sup-
plies to remote bases, each such base should be capable of prov‘ iing
its own power from a controlled source within its immediate c¢ J .ues.
Realistically, however, it is unlikely that such a stringent restric-
tion would be imposec. by any conceivable emergency short of an absolute
air, ground. and <ea blockade of the individual base. In fact, even if
access by sea became too difficult or costly (e.g., blockade running)
it is conceivable that some quantities of petroleum products could be
provided to the base by air tanker. It is likely that some petroleum
products would always be required fcr the base to fulfill its mission.

We are assuming, then, that a certain amount of energy independence
is desirable for remote bases but that they will still have access to
some reduced volume of the more conventional fuel sources by some means.
It next becomes necessary to identify, locate, and describe the various

available energy options and how they might be used.

THE_STUDY

This study examines the availability of indigenous energy resources
and the nature of the technology required for their use on remote bases.
Its overall purpose is a determination of whether the use of indigenous
resources can substantially reduce DoD's dependence on petroleum for
housekeeping functions at remote bases, while lessening the vulnera-
bility of those bases to an energy blockade.

Other studies of the problem of supplying overseas bases with
energy during periods of contingency, although useful, have generally
been concerned with satisfying the current demands of existing bases
from a single indigenous energy source and have disregarded the use of
petroleum as a backup source. Gillette and Schubert (1974) have indi-
cated that indigenous energy supplies cost more than conventional energy
sources. In this study we have examined a mix of both indigenous and
conventional energy sources and have estimated how much this mix lowers
costs.

The term "remote base' means any U.S. military installation that
could be cut off from its normal source of petroleum products. We do

not consider bases in friendly countries with well-established petroleum
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storage and distribution systems as being ''remote"--for example, those

in most of Western Europe.

Although buses involved in handling fuel for major elements of
ground, sea, or air combat forces are often excluded from lists of
bases "remote" from energy sources, we feel that such an exclusion
does not take into account the value of maintaining certain energy-
consuming functions on a base--e.g., communications and surveillance--
even if its major combat support function were disrupted or entirely
negated. We do not address the value of remote bases but concentrate
on global indigenous resources and orn the cost of and technology for
their exploitation.

The term "indigenous resource' mecns an energy source available
on, or in very close proximity to, the base on which it is to be used.
Three types seem to have the most utility across the full spectrum of
base size and function: solar radiation, wind velocity, and ocean wave
motion. The first two sources are found throughout the world and the
last only at coastal locations, which are common for remote bases.

A number of other possible indigenous energy resources were con-
sidered briefly but rejected for inclusion in this study: tidal action,
ocean thermal gradients, geothermal activity, organic waste conversion,
and stored water (hydroelectricity). These rejected resources deserve
further study, and some undoubtedly have utility for certain classes of
military bases. We rejected them for consideration in this study for
various reasons. Tidal action and thermal gradients are both extremely
limited in their geographical occurrence and not well suited to single
base utilization. Geothermal activity is also site-limited, at least
in terms of its more accessible forms (hot springs, geysers, etc.).
Trapping deep-seated sources of hot rock for the production ~r steam
is likely to be too expensive and complex for the vast majority of
remote bases. Organic waste conversion is prcbably unsuitable for re-
mote bases as a major energy source because of the complexity of the
operation and the size of the base. The use of falling water to pro-

duce electricity is dependent on site topography (for the construction

of dams and reservoirs).
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The remainder of this report is divided into four sections. In
Section II we present the potential worldwide power density of the three
selected indigenous energy sources. We also define and characterize
four world regions of current and possible future remote base locations
in terms of their power density potential. Section III describes the
present and future technologies for the conversion and storage of solar,
wind, and wave energy. In Section IV an analytic computer model is
used to explore various remote base energy systems in terms of their
collector characteristics, size, cost, etc. and to determine the penal-

ties consequent to any achieved reduction in fossil fuel consumption.

Section V presents conclusions resulting from the study.
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II. WORLDWIDE POTENTIAL FOR INDIGENOUS

ENERGY RESOURCES EXPLOITATION

In this section we examine the worldwide distribution of solar
radiation, wind velocity, and wave motion. Distribution of these data
are displayed on a standard base map for the globe (Appendix A), which
shows isopleths of equal power density values that are potentially
available from each source.1 Energy from solar radiation is in the
form of heat and can be used directly or converted into electricity.
Wind velocity and wave motion are kinetic sources of energy, which must
first be converted to electricity before being used.

The potential availability of these indigenous energy sources has
been determined for each season of the year. Although not as explicit
as a monthly evaluation, it was considered adequate for a general
"screening" of their availability. These values should & used for
screening purposes only since it is quite likely that they do not repre-
sent energy potentials at a given island or remote coastal site. For
example, islands have more daytime cloudiness and therefore less solar
radiation than the surrounding ocean. Also, all the basic wind data
used are derived from observations at sea. Coasts and islands often
have separate wind regimes controlled by terrain effects, including
heating and cooling. Records from a given site, therefore, must be
used in the final analysis of power systems.

This section is divided into two parts, supplemented by Appendix A.
We briefly discuss the data and their limitations and explain how they
were interpreted to derive the qualitative or quantitative values. We
then give a regional assessment of the availability of the indigenous
resources in terms of their power density potential. Appendix A in-
cludes global maps of energy and power density values and a brief ex-

planation of the seasonal worldwide patterns of these values.

lin all cases the term "potential" refers to the amount of power
available before it is degraded by the efficiency of the system being
used to translate the pure source to usable heat or electricity.
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DATA SOURCES AND LIMITATIONS

Solar Radiation

Solar radiation data used for this evaluation consists of both
direct solar radiation (insolation) and indirect or diffuse sky radia-
tion, which reaches the earth's surface after being scattered by the
atmosphere. Seasonal sets of these data were obtained from climatic
summaries originally prepared for ARPA as part of the current Rand/
ARPA Climate Program.1 These global tabulations were based on six
years (1955-1960) of data compiled by Budyko2 and interpolated into
the 4° latitude X 5° longitude grid used by the Rand General Circula-
tion Model. The original Russian data were presented in kilocalories
per square centimeter per month; however, the Rand data are in "Langlies'
per day (one Langley is equivalent to one gram calorie pAr square centi-
meter). For the solar power maps in Appendix A this was further changed
to kilowatt hours per square meter per day (kWh/mzlday) where 1 Langley
per day (LY/D) = 0.011612 kWh/mZ/day. In this form, the isopleth values
(Appendix A) directly indicate the potential energy of solar radiation
at the surface of the earth. Isopleths over m2jor land masses have not
been shown because of the lack of adequate surface radiation data. How-
ever, these data may not be necessary since it is reasonable to assume
that remote bases will be located either on islands or in coastal en-

vironments, as in the past.

Wind Velocity

Wind velocity data necessary to determine the potential power den-
sity that would be available for conversion to electrical energy by
windmills was obtained from the clim of the world's oceans.

By keying on the percentage of time 1 velocities exceed an

1Schutz and Gates, 1971-1974.

2M. A. Budyko, Atlas of the Heat Balance of the Earth, Gidro-
meteorizdat, Moscow, 1963.

3U.S. Naval Weather Service Command, 1969; Office of Climatology,

1959 and 1961; U.S5. Naval Oceanographic Office, 1955 and 1966.
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average value of 19 knots (Beaurort 5, a {resh breeze),1 it wa3 pos-
sible to develop a power density distribution.2 In Appendix A, two
isopleths have bren plotted on the global maps, each season represent-
ing kilowatts of power per square meter (kW/mz). These two values, 0.5
and 1.3, represent the average potential power of a wind passing through
a one square meter '"window" and indicate the power equivalent of wiads

that exceed the median value of a fresh breeze 30 to 60 percent of the

time.

Wave Motion
Data on wave motion over the oceans of the world were taken from

the climatologies3 as "'swell" or ''sea" percentages.4 Where available
the 10, 20, or 30 percent isopleths for swells 2 12 feet were used;

otherwise, the 90 percent isopleths for seas < 4 feet in height were

used.
As with wind velocity, sea and swell data, as relatred to wave

motion, were converted directly to potential power density as discussed
in Appendix B. The resulting isopleths are expressed in kilowatts per
meter of linear wave front (kW/m/WF) on the maps in Appendix A for

February, May, August, and November.
Wave data were not available for the same months as for solar and

wind data, but since wave activity is generally consequent on the others,

lThe Beaufort Wind Scale is used by mariners and displayed on
Atlases and pilot charts to indicate the force of a wind at sea. A
Beaufort 3 is identified as a gentle b.receze ranging from 7 to 10 knots,
while a Beaufort 9 is classed as a strong gale with a velocity range of
41 to 47 knots. The range of Beaufort 3-9 was chosen somewhat arbi-
trarily; however, it was felt that large windmills would not operate
efficiently at much less than 7 knots, nor could they be effectively
designed to continue normal operation during whole gales, storms, and
hurricanes where wind velocities exceed 48 knots.

2The method of converting both wind velocity and wave motion data
to power density is described in Appendix B.
3

Office of Climatology, 1959 and 1961.

4Ocean "swell" refers to that porcion of the wave spectrum that
is far removed from its source region. '"Sea" refers to waves that are
generated by local winds and is defined as the average height of the
highest one-third of the waves observed in a series of waves moving

in one direction (a wave "train").




the months chosen can be considered as midseason for wave power. Also,
wave front in meters is used%s a measure, rather than surface area,

since wave motion conversion devices are essentially linear.

VALIDITY OF THL DATA

It is recognized that global indigenous energy sourze data col-
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lected from a limited number of widely distributed ocean stations are
inherently unreliable as a measure of the precise amount of potential
power available at ghspecific remote base. Even the measurements of
wave and wind data ;;e less than exact inasmuch as they are derived 1
from observations taken by ships' personnel of varying degrees of

skill and training.“,

This study has not attempted tu determine the pgtential indigenous
power available at actual remote bases but rather has developed a
"standard" ba /l(see Section IV), which is analyzed as if it were lo-
cated in each of the general base regions. As a consequence, the
coarseness of the global data has little direct effect on either thLe

analysis of the study or its conclusions.

REGIONAL EVALUA§TION OF INDiGENOUS RESOURCE POTENTIAL

An examipation of the distribution of current overseas bases indi-

cates that there are some four major world regions where bases that can

be categorized as "remote" (as defined by this study) are concentrated.
Since these four regions have obviously been of importance in the past
to U.S. interests, and in some cases seem to be experiencing an increas-
ing interest (for example the Indian Ocean), their separate evaluation
in terms of indigenous power density potential appeared to be worthwhile.
Because of the size and heterogeneity of the major regions, these

have been further subdivided into eight subregions. The four major

regions and their subdivisions are as follows:
Major Region Subregion Map Symbol

North Atlantic Ocean Far N.A.O. A

Mid N.A.O. B

Caribbean (none) G

Indian Ocean West I.0. D

East I.0. E

Pacific Ocean East P.O. F

{ Mid P.O. G
North P.O. H
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Both the major regions and their subdivisions have been outlined on

the base map in Fig. 1, along with the approximate locations of some

20 remcte U.S. bases. These bases have been listed in Table 1.

Each subregion will be examined in terms of the potential power

density derivable from the three indigenous energy resources of solar

+adiation, wind velocity, and wave motion; Table 2 presants this in-

formation in tabulated form. For solar radiation, average solar energy

in kWh/mz/D will be given for each of the four midseason months April,

July, October, and January,l and an average power density (an average

of the four midseason months) will be given in megawatts per square

kilometer (MW/kmz). Wind power densities will be provided for each

of the same four months in kW/m2 and average power density in MW/kmz.

Wave power densities, in kW/mz, will be given for May, August, November,

and February, and the average of the four months in MW/km/WF. The

average power density for the same months is in MW/km/WF.

In all cases it must be remenbered that the average power density

ear is not the only factor involved in a choice of which re-

Also to be con-

over the y

source in a subregion is best suited to exploitation.

sidered are such factors as the design of the energy receptor, its

area and storage requirements, and its cost.

The North Atlantic Ocean

This region, which encompases esse

ntially all of the North Atlantic

north of 30°N latitude, has been divided into two subregions split
In Table 2 the average potential power

e displayed for

roughly along the 60th parallel.
density values of the three indigenous energy sources ar

each of the two subregions. It is clear that for both subregions of
the North Atlantic the period of maximum solar energy (July) stands in

inverse relationship to the period of maximum wind power (January) .

the average solar envrgy level in the southern
than that in the north,

It is also evident that
half (B) of the region, 128.4 MW/kmz, is highe:

98.9 MW/kmz. Wind power levels, however,
age out to be identical for both subregions, 600 MW/kmz.

1Solar radiation is expressed in energy terms in keeping with the
map data in Appendix A. Power density can be obtained by dividing the

energy values by 24.
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Table 1

BASE DATA INPUT POINTS

Data Point Identifica~
Major Kegion Subregion Location? tion Symbol
vorth Atlantic Ocean Far N.A.0. Thule, Greenland 1
Sondestrom,
Greenland b 2
Keflavik, Iceland 3
Mid N.A.O0. Thurso, Scotland 4
Azores 5
Argentia, Newfoundland 6
Caribbean Bahamas 7
Guantanamo Bay, Cuba 8
Puerto Rico 9
Indian Ocean West I.0. Mahe, Seychelles 10
Diego ‘;arcia, Chagos
Archipelago 11
Eist 1.0. North Cape, Australia 12
Pacific Ocean East P.O. Okinawa, Ryukyu
Islands 13
Iwo Jima, Volcano
Islands 14
Guam, Marianas 15
Mid P.O. Wake Island 16
Kwajalein, Marshall
Islands 17
Midway Islands 18
Johnson Island 19
North P.0O. Adak, Aleutian
Islands 20

8The data points are only approximate geographic locations and are
not intended to represent specific military bases.

bKeflavik was chosen as a data input point strictly on the basis
Its geothermal power potential has not

been considered in this study.

of its regional location.
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Potential power derivable from wave motion also shows seasonal
variations, with a slightly lower average value found in subregion (A),
32.5 MW/km/WF, than in (B), 35.5 MW/km/WF. The periods of maximum and
minimum wave power levels for the two subregions are strongly at vari-
ance when compared seasonally; e.g., in subregion (A) maximum power
levels occur in July, which coincides with the minimum for subregion
(B). There also appears to be little or no correlation between w:nd
velocity and wave motion for s-ibregion (A) and only partial correlation
for subregion (B) where a low average power level for winds in July
does coincide with minimum wave motion power for the same period.

Close correlation between average wind and wave power levels at
any one location shouid not be expected inasmuch as the swell component
of waves is generated outside of the area, or "fetch," of its occur-
rence. Wide disparities are unusual and may result from the inherent
inaccuracies of wind and wave observations.

In terms of pure power potential (MW/kmz), wind would appear to
be the obvious indigenous puwer choice for remote bases in the North
Atlantic, exceeding the average solar power by over five times and
wave power by 17 times. This advantage is more apparent than real,
as will be seen 1in Section IV, when other factors are brought into

consideration.

The Caribbean

This small region comprises an area somewhat larger than its name
implies, inasmuch as we have included within its scope the Bahamas
(which lie outside of what is normally considered the Caribbean). Al-
though not as '"remote" geographically as the others, this rather homo-
geneous regica does contain bases and areas of past and probable future
importance.

In this region solar radiation maintains a fairly high power level
throughout the year for an average over the four seasons of 235.8
MW/kmz, or more than twice that of the northern subregion (B) of the
North Atlantic (Mid N.A.O.).. Potential wind power has also increased
but to a much lesser degree, averaging 680 MW/km2 over the year (600
MW/km2 for the Mid N.A.0.).

PRI C [ T U ————
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In contrast to the North Atlantic, Caribbean wind power potential
is more constant throughout the year, with a maximum occurring during
both the summer and winter seasons in response to the nnrtheast Trade
Winds blowing across the area. There are also two miniwum periods,
though not as marked as those in the North Atlantic.

Wave power potential is again not well correlated with wind power,
although the winter monthw appear dominant for both sources.

Wind appears to be the dominant indigenous resource, but tc a
lesser degree (less than three times more potential -ower than solar).
Again, the apparent advantage will later be negated when other factors

enter the analysis.

The Indian Ocean

This region extends through some 75 degrees of longitude and has
been divided into a Western (D) and an Eastern (E) subregion. The
average potential power values for each of the subregions, based on
two bases in the western half and one in the eastern half, are con-
tained in Table 2.

The two subregions are differentiated primarily by a 13 percent
increase in solar power potential in the eastern portion and Hy seas-
onal .ifferences in potential wind power. The Indian Ocean, insofar
as its three base points indicate, apparently has the highest average
solar power potential and the lowest average wind power potential of
the four major regions.

Although the average potential wind powar for the two subregions
over the year is roughly the same, the maximum period for the West I.0.
(D) occurs during the fall, and the maximum for the East I1.0. (E) occurs
during the spring. There seems to be little or no correlation of wind
and wave power data for the region.

As might be expected, and ia spite of the lack of wind and wave
correlation, wave power potential in the Indian Ocean is quite low,
close to the lowest of any region or subregion examined,

Although the apparent potential power of solar radiation and wind

dare about equal, later analysis will show solar radiation to be the

clear choice for an indigenous power supply.
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The Pacific Ocean
Because of both its latitudinal and longitudinal extent, this

region has been divided into three subregions, an East P.0. (F), repre-
sented by three base input points, a Mid P.0. (G), represented by four
data points, and a North P.0. (H) represented by a single base data
point.

It is clear from Table 2 that the East and Mid Pacific Ocean sub-
regions differ sharply from that in the north, but from each other
hardly a. all, a slight edge in power potential for all three indigenous
sources going to the Mid P.0. And although there are minor diffevences
in absolute values between subregions (F) and (G), they are fairly com-
parable in their periods of minimum and maximum power levels.

The North P.0. is distinctive in at least two particulars: first,
averaging the four seasonal power levels indicates that this subregion
has the lowest potential power from solar radiation--76.7 MW/kmz——of
any examined; and second, it has the highest potential wind power of
all the subregions examined--1023 MW/kmz. In spite of a fairly close
correlation between wind velocity and wave activity, at least in terms
of period, the potential power available from wave activity is quite
moderate. Although higher than that found in most of the other sub-
regions, it falls somewha: below the power levels found in the North
Atlantic.

In the Northern Pacific Ocean (H), wind clearly dominates both
solar and wave power as an indigenous energy source for remote bases.
In the Mid P.0. and Eastern P.0. subregions, wind power potential is
slightly more than twice that of solar power and may not be competitive,
all factors considered.

Table 3 compares the yearly average power densities of the three
indigenous energy types for the eight subregions; keep in mind the

basic noncomparability of such "pure" and potential data.

W« i L e




Table 3

AVERAGE YEARLY POWER DENSITY LEVELS

Solar Power Wind Power Wave Power
Region and Density Dens itg Density
Subregion (MW/km?) (MW/km<)

(MW/km)

North Atlantic Ocean
Far N.A.O. A) 98. 600 32 5
Mid N.A.O. B) 128. 600 351

Caribbean (C) 235. 680 14.

Indian Ocean
West 1.0. (D) 215. 230
East I1.0. (E) 243, 250

Pacific Ocean
East P.O. (F) 194. 490
Mid P.O. (G) 227. 510
North P.O. (H) 76. 1023
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TII. TECHNOLOGIES FOR INDIGENOUS ENERGY RESOURCES

In this section we briefly outline some of the basic state-of-
the-art technologies for both resource conversion and storage, with
each of the three selected indigenous energy resources being discussed
in turn. Included will be some first-cut system cost estimations.

The enormity of the total energy reaching the earth from the sun

R e N7 T T S T Ty e

has attracted many people to consider the replacement of scme of our

e

present energy use by solar energy. The only application of solar

conversion that has been widely used is for domestic water heating.
In Japan, for example, several millions of inexpensive plastic solar

water heaters are currently in use. Sun-rich Israel and Australia

use a slightly more complex solar water heater system consisting of
a combination glass and metal collector and a storage tank. Between
1945 and 1960, some 50,000 simple solar water heaters were installed
in Southern Florida where electricity cost was high and other fuel
alternatives were unavailable.

In 1958, two experimental solar houses were constructed in the
United States, one as part of the Hottel Pruject at M.T.T. and the
other as part of the Lof Project at Denver. These projects had the
purpose of evaluating the technical and economic feasibility of dif-
ferent solar collector configurations. The ability of cheap oil to
compete with solar energy sources during the 1960s forced the findings
of these studies into the background. Recently, however, under the
increased threat of .- ifficient petroleum availability, NSF and ERDA
have been exploring various ways of simulating the utijization of

solar energy.

SOLAR POWER

Solar collectors fall into two principal classifications, thermal
energy collectors and photoelectric cells. Thermal energy collectors
are themselves of two ftypes, flat collectors and focusing collectors.
At present, the maximum efficiency of solar radiation to electrical
power that can be obtained from any of these systems is 12 percent

(Hottel and Howard, 1971).
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All thermal collectors must have the ability to absorb incoming
radiation while reflecting or reemitting as little energy as pessible.
Since the early 1950s, a search has been continuing for collector coat-
ing materials that optimize the absorption of visible radiation while
minimizing the emission of long wavelength radiation. A copper oxide
coating on an aluminum surface (Hottel and Howard, 1971) and tungsten
deposited on a variety of substrates (Cuomo, Ziegler, and Woodall, 1975)
are two coatings "Mat have the required radiation properties. Such
coatings do add significantly to collector cosis, however.

Currently, the National Science Foundation is funding investiga-
*jons on the development of interference films, which internally re-
flect the spectrum of visible radiation into destructive interference
patterns, and of bulk absorption by silicon films (Interagency Task
Force, 1974). As research continues, coating technology can reasonably
be expected to improve and lead to lower costs.

Flat plate collectors are flat, low emissivity surfaces in thermal
contact with a piping system carrying a heat transfer medium. Because
these devices collect their energy directly from a low density power
source, they are usually low temperature units. They are economic at
the present time for space and water heating (e.g., recent data indi-
cate that solar pool heating units have a cost of about $1.75 per sq ft
pilus frame and installation). However, they are considerably poorer
candidates for large power generation because the low temperature dif-
ference on which the turbines must operate forces the system to have
a very low thermodynamic efficiency. Hottel and Howard (1971) have
presented an analysis showing that the maximum attainable efficiency
in a flat plate power system is no more than 11 percent; devices con-
structed to date have efficiencies about half that value.

Focusing collectors primarily collect direct radiation i{rom the
sun, focusing it on a point or line surface in contact with a working
fluid having a high boil' .z point. These collectors substantially
raise the turbine temperature differential and thus the thermodynamic
efficiency over flat plate devices. Unfortunately, they are more ex-

pensive to construct and maintain, particularly those systems requiring

accurate tracking devices, such as parabslic reflectors. Cne of the

5
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least expensive focusing devices is a cylindrical parabola on an east-
west axis. Oriented in this way, the reflector has only to be rotated
slightly with season to allow the sun to lie on or near the focal line,
thus minimizing trackiag costs. Like flat plate collectors, they re-
quire a good low-emissivity coating on the focal surface to be highly
efficient. An inherent disadvantage of focusing collectors is their
inability to collect much diffuse radiation.

One suggestion for a fairly low cost focusing system (Goen et al.,
1973) is shown in Fig. 2. This collector is composed of a coated
aluminum tube surrounded by a silvered glass pipe, a type of construc-
tion that minimizes machining requirements of nonstandard shaped sur-
faces, such as parabolic reflectors, and thereby reduces cost. This
lowered cost is achieved at the expense of some efficiency since the
circular cylindrical reflector is optically poorer than parabolic sur-
faces; and if the entire tube is silvered with a "one-way" mirror,
reflectance of incc: ing radiation will be appreciable. SRI's estimate

(1971 dollars) of the cost of tbis system is $6.19 per sq ft with the

collector accounting for 71 percent of this cost.

| T g Y g R W

Special, low

emissivity coating Clear

Glass pipe

Aluminum pipe

Silvered =~ Vacuum

Heat transfer medium (Santowax)

Fig. 2— Moderate temperature collector schematic
for steam production, ~350°F
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Another approach to solar focusing is the use of a more widely
distributed mirror system that reflects and focuses solar radiation
on a central receiver. The mirrors (heliostats) reqiired are quite
expensive, one cost estimate being $30/m2. A 10 MWe proof-of-concept
experiment will be carried out under NSF funding during FY 1975-1980
(Interagency Task Force, 1974).

The third collector type is the photovoltaic cell, which attains
direct radiation to electrical efficiencies of 12 percent (silicon
cell) or 5 percent (cadmium sulfide) (Hottel and Howard, 1971). Sili-
con cell costs per installed watt are very high at the present time;
aerospace costs have run at $200/watt, while 1974 terrestrial applica-
tions may have costs as low as $20/watt. However, a projection that
is claimed tc be highly accurate states that this cost will drop to
$5 per peak watt by 1978 (Interagency Task Force, 1974). 1If reason-
able engineering extensions of conventional silicon crystal growing
and slicing techniques were introduced immediately, 1977 costs could
be reduced to $2.15/watt ($256/m2 of collector srea). If allowance
is made for expected technological breakthroughs and solar radiation
is focused on the collector surface, a lower cost limit of $.76/watt
may eventually be approached (Interagency Task Force, 1974). Research
on the growth of ribbons of silicon crystal (supported by NSF and NASA),
production of inexpensive polycrystalline silicon cells from silane,
and development of new slicing technclogy are possible breakthrough
areas.

If solar energy is to be efficiently applied to the power demands
of a remote base, the different technical requirements needed to satisfy
the two principal end uses of electricity and space heating must be
taken into account. In the case of solar thermal conversion, electri-
cal demands have to be satisfied by the output of a turbine connected
to a moderately high temperature collector. However, space heating
demand should not be met by using the electrical output but rather by
directly drawing off heat from the solar working fluid or by using the
waste heat (hot water) from the turbine (a so-called 'cascaded" system).

The output of photovoltaic systems may also be split into electri-

cal and space heating uses. Because photovoltaic conversion is quite
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inefficient, much of the radiation that falls on the collector remains
there as heat energy, as in the case of the flat plate collector. Hence
if the photovoltaic cell is thermally interfaced with a heat conducting
medium, thermal energy that might otherwise be wasted can be utilized
for space heating.

Solar collection devices have several inherent difficulties asso-
ciated with them. The foremost is that collector surfaces must be kept
free of dict and other particulates that reduce transmittability.
Another is that wind-driven particles of dirt may etch collector plates
or their cover plates, thereby increasing scatter and reducing input
fluxes. Finally, even for fairly small power systems on thz order of
10 MW, collector areas may be on the order of one-fifth of a square
mile, and such a large area means that significant power will have to
be diverted from its primary use to run the pumps that handle the

thermal working fluid (Hottel and Howard, 1971).

WIND POWER

Because of its general availability, the harnessing of wind energy
for various applications has dated from the earliest periods of human
history. Using wind as a primary energy source for generating elec-
tricity, in the face of a scarcity of other forms, received consider-
able worldwide attention and was proved practical in Denmark during
both World War I and World War II. Most Danish wind power stations
currently have a nominal capacity of 50-60 kW, and a windwheel diameter
of 17.5 m. In 1941, some 64 stations generated a total of 231,632 kWh
(Stein, 1974).

In Russia, where powe: is needed for large numbers of widely scat-
tered agricultural communities, the Central Wind Power Institute of
Moscow was established at the end of World War I. The work of this
institute resulted in the building of a 100-kW dc pilot plant in Yalta,
on the Black Sea, in 1931. It was reported that as of 1954, there were
29,500 wind power plants in Russia with an aggregate capacity of 125,000
kW (an average of = 4 kW/station).

Wind power also contributed significantly to the development of

the Western United States. However, over the last 40 years, because
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of the rural electrification program and the availability of gasoline

and diesel fuel at low cost, windmills have fallen out of faver as a
means of providing electricity.

A notable exception to this trend was an effort just before World
War II by Palmer S. Putnam who built a 175-ft, 1250-kW experimental
unit on Grandpa's Knob near Rutland, Vermont (Putnam, 1948). The unit
generated as much as 1.5 MW in 70 mi/hr wind and withstood winds as
high as 115 mi/hr. Although the project was a technical success, it
operated only intermittently from 1941 to 1945 because of parts short-
ages. Fatigue and stress corrosion caused one of the blades to fail
in March 1945. The whole concept was abandoned later that year because
it was estimated that it would cost about $190/kW, while _he fossil
fuel-powered plants were costing about $125/kW, installed.

From 1945 to 1973, there was very little done in the area of wind
energy conversion. Then, with the recognition of the impending energy
problem, researchers started to reexamine different inexpensive ways
of converting wind energy into electricity. At present (1975) there
are some seven studies going on with a total funding of about $3 mil-
lion, supported by NSF and NASA, on both hardware design prototyping
and system analysis (Interagency Task Force, 197%.

Although little effort has been expended in the United States dur-
ing the past several decades on the development of wind energy conver-
sion systems, major advances have been made in the areas of lightweight,
high strength composite materials; structural design concepts; energy
storage devices (such as batteries and fuel cells); airfoil concepts;
and electronic servo control systems. These new technologies are
being exploited by the current NSF/NASA effort.

Since the majority of the remote bases examined by this study have
energy demands of 10 MW or less, the fact that the NSF/NASA research
has centered around power requirements of from 100 KW to 1 MW would
indicate that most would be of significance to the remote base energy
problem.

Most of the existing concepts and the prototypes under current
development are of the familiar horizontal-axis type. However, Sandia

Laboratories under AEC funding is jnvestigating a vertical-axis wind
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turbine concept first designed by G.J.M. Darrieus of France in 1925,
illustrated in Fig. 3 (Reed, Mayden, and Blackwell, 1974). Regardless
of the axis orientation, the maximum amount of energy that can be ex-
tracted from the wind is 59.2 percent of the amount available. Past
experiments also indicate that a high-speed windmill of good aero-
dynamic design has efficiencies of about 75 percent (i.e., of the
theoretical maximum). Therefore, with an efficient design one may ex-
pect that approximately 45 percent of the available energy can be con-
verted to electricity. The overall efficiency of a wind generation
system, including storage, falls in the range of 20 to 30 percent.
Taking the potential wind power density for each of the eight sub-

regions developed in Section II and adjusting fo> the overall efficiency

LD~

Airfoil section 7
7

Vertical=axis windmill

Fig.3—Vertical-axis wind turbine




of a wind energy system, we can determine the windmill rotor radius
requirements (horizontal axis) for any power output. Table 4 presents

two possible radius requirements for two selected outputs.

Table 4

NET USABLE POWER DENSITY AND WINDMILL RADII
(For 20 and 30 percent efficiencies)

Usable Wind Radius of Wind- Radius of Wind-

Region and Power Density, mill, 200 KW mill, 1 MW
Subregion MW/ km? System, m System, m
North Atlantic Ocean
Far North Atlantic Ocean 120--180 23--19 51--42
Mid North Atlantic Ocean 120--180 23--19 51--42
Caribbean Ocean 136--204 22--18 49--40
Indian Ocean
West Indian Ocean 46--69 38--31 85--70
East Indian Ocean 50--75 37--30 83--67
Pacific Ocean
East Pacific Ocean 98--107 25--21 56--47
Mid Pacific Ocean 102--153 25--21 56--47
North Pacific Ocean 204--307 18--15 40--34

Rotor blades of this size are quite within the state of the art.
The problems of fatigue, stress corrosion, environmental corrosion, and
fabrication difficulties encountered by Putnam in the Grandpa's Knob
experiment may be ameliorated by the new composite materials. Table 5

shows some of the most prowmising candidate materials (Adams, 1974).

Table 5

RELATIVE COMPARISON OF MATERIALS FOR ROTOR BLADES

Environ-
Impact Fatigue Surface mental Repair-
Material Strength Resistance Hardness Resistance ability
Al. 2024-T6 Moderate  Low Moderate High Moderate
E glass/polyester High High Low High High
Graphite/epoxy Very low High Low High Moderate

Boron/epoxy Moderate Very high Moderate High High
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At present, aluminum still has a cost advantage over the compos-
ites, but composite technology is rapidly progressing. Adams (1974)
indicates that the ipherent low cost in composite fabrication, machine
forming, joining, etc. should ultimately result in a drastic lowering
of the cost over the next few years. In certain applications, such
as high-performance rotor blades, composites may become competitive
with aluminum.

Wind generators can be sited either onshore or offshore. An ex-
ample of one possible cnshore windmill tvpe (NSF/NASA Wind Generator
System Program, 1974) is presented in Fig. 4 and a possible oftshure
configuration is given in Fig. 5 {Heronemus, 1972). The amount of
surface land or water area to be covered by windmills can be reduced
by some form of stacking (as shown in the example), and on-site con-
struction can be minimized by preassembly of components.

The total cost per kW for any wind generating system will depend

upon the particular combination of subsystems. The estimated cost

(1974) for the 100-kW NASA Plum Brook facility is about $1006/kW for
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Fig. 5— Proposed offshore siting for wind generator

the prototype, with cost reduction to 3500/kW or less as a design goal

for larger production units. South and Rangi (1974) indicate that for

the vertical-axis wind turbine the cost can be as low as one-sixth that

of the horizontal-axis windmill. Their cost figures, which include

offshore wind units, a 24,000-MW fuel cell substation, offshore collec-

tion system, etc., are about $800/kW. We believe this figure could be

lower for DoD application since a remote base system would be much

smaller in terms of its distribution network. A more realistic cost

might be in the neighborhood of . +00-5800/kW.
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OCEAN WAVE Pr.JER

Ocean waves are among the most visible forms of energy. Ocean
swell is developed cver long distances where the interaction of wind
gradually exchanges energy with the ocean surface causing long period
waves; and sea is the disturbance of thz surface dve to local wind
phenomena. The extraction of energy from ocean waves is a very old
idea. A fairly complete understanding ot the theory of wave motion,
relating this motion to the trnchoidal wave form, was well in hord in
the mid-nineteenth ceutury. 7This theory is very well explained in
Stahl (1892).

The energy contained in a wave is divided equally between poten—
tial energy and kinetic energy. The potential energy relates to the
vertical position of the rotating particles within the wave, and the
kinetic energy relates to the forward progression of this rotating
system. Devices that can extract energy from waves generallwv take osne
of two forms, one being the 'bubber,'" which rises and falls with the
surface and thus operates primarily on the potenfial energy in the wave,

and the octher heing devices that are moved horizontally by the kinetic

A T R e . TS i B R A L R I S B NS . P R r—

energy component of the wave.

The implementation of wave energy extraction devices must cortend

with the classic problems involved in any offshore installation. These
include survival of stormy seas, shifting sands, salt water corrosion, ;
and barnacles. In addition, very little practical power can be ex-
tracted from small waves, say, of less than one meter in height; con-
versely, practical energy may not be extracted from very large waves
over five meters. The reason for this restrictien 1s because the #nergy
extraction system must be designed to extract energy and to survive a
spectrum cof situations ranging from dead calm to the giant wave occur-
ring only occasionally. It is difficult to design a system such that

it will be sensitive to small waves and yet be able to sustain the
stresses of large waves. Waves above the five meter size occur with

low probability, and it is probably not cost effective to design the
extraction system for operation above the five meter height. It is
enough of a problem just to desigu the system to survive waves above

five meters, let alone extract energy at those heights.
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A ysreat deal of impetus for the design of wave energy extraction
systems occurred at the turn of the century. The motivation was gen-
erally the cost of delivering coal, then the primary fuel, long dis-
tances from the mine to the place of use. A good deal of interest,
for example, was generated in the region of San Francisco (Stahi, 1897,
which was at that time a developing city located a long way from coal
recerves. Many of the devices proposed and used in these early times
were of the "bobber" variety, which converted the rise and fall motio=
of the water into mechanical energy for use in pumping water or generat-
ing electricity.

The most recent wave energy system proposed takes advantage of the
kinetic energy that moves through a vertical window and causes a to and
fro motion of a vertical vane. This proposal is the only known active
development in wave energy systems at the moment. Salter (1974) per-
formed many laboratory evaluations of the vertical vane system. A con-
tinuation of the work is currently being funded by the British Depart-
ment of Trade with the prospect that a considerable alternative energy
source can be developed for the British Isles from the flow of wave
energy in the env?.ons of the Hebrides. Efficiencies of 40 percent
have been obtained in the laboratory in the converting of wave energy
to electrical energy, and Salter predicts that even better efficiencies
are possible with improvements in the design of the vane shape. How-
ever, we have chosen to use 40 percent in our calculations of system
requirements presented in Section IV. Although the 40 percent efii-
ciency may be somewhat conservative from an id-':1l point of view, it is
probably appropriate considering the difficulties of mechanizing these
systeus in the offshore environment.

Comparatively speaking, very little research and devel pment ac-
tivity is under way regarding wave energy devices. As we hav: noted,
Salter's effort is the only known funded development under way at this
moment. If such devices can be shown to be potentially useful in satis-

fying remote base energy needs, it may be appropriate to comsider en-

couraging further analyses and developments in this area.

|
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DoD Applications

We will determine here the general characteristics of & - ave

energy system applied to a typical remote base. Assume that tho re-

mote base requires an average of 10 megawatts of electrical power over
the year. Further, assume that the wave energy system is designed to
extract cnergy from waves of one meter height (4 kW per meter) to 5
meters height (245 kW per meter). Further, assume that the base is
located for a rather fortunate incidence of wave energy as might be
expected in the Northern Atlantic or Northern Pacific. In such a lo-
cation we might expecct an average year round ideal wave power level of

30 kW per meter of wave front. If the wave energy system extracts this

B T R R AT

power at a 40 percent efficiency, then we can expect an average 12 kW
per meter output from the wave energy machine. In order to service a
10 megawatt average requirement, the required size of the wave machine
is then 10/12 = 0.83 kilometers of wave front interception. For pur-
poses of estimating the cost of our system, this 0.83 kilometers repre- ]

sents 203 megawatts of installed capability to transduce wave energy

to mechanical energy and 81 megawatts of installed capability to trans-
duce mechanical energy into electrical energy. Applying the aggregate
cost factor of 3.5 to the diesel generator costs gives us an expected
cost factor on installed capacity (that is, generator capacity, not wave

transducing capacity) of $700 per kW. Since the average output of the

wave energy system is dependent upon the average wave energy input, this
installed capacity cost can be interpreted in terms of useful capacity
on the average. Under the wave input conditions assumed in our hypo-
thetical base of 30 kW per meter wave front average input of 12 kW per
meter average electrical output, our overall cost for expected output
becomes 700 times 81 divided by 1z = $4725 per kW.

On this basis the total cost of wave generation system to service
the 10 megawatt average base load with a 30 megawatt per kilometer
average wave input results in a total cost of $57 million, not includ-
ing the energy storage system.

Since the incidence of wave energy will vary markedly across the

annual cycles, it would be necessary to supplement the wave energy

machine with a capability to store the electrical energy generated
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during periods of excess flux, for use in the lean periods. Anotier
prospect would be to supplement the wave energy system with a conven-
tional diesel powered generator. In Section L1V we will discuss the
tradeoff among storage and conventional generation systems due o0 the
variability of the indigenous input. We have calculated our maximum
system sizes and energy output based on maximum wave height, or based
on a stress limit. If our nominal input of energy includes levels
above this stress limit, these will not be transduced into electrical

energy.

System Cost Estimation

The status of development of wave energy devices is such that no
useful information is available regarding the cost of such machines.
It is thus necessary to develop a cost estimate based on analogy with
existing generators. Assume that a diesel generator cf the slze unit
that will be used in the wave system costs $200 per kW. Weve genera-

tors will differ in cost because of the following characteristics:

Characteristic Cost Multipliers
1. Low speed 1-1/2
2. Large stress tnlerance 1-1/4
3. Sea water environment 1-1/2
4. Low production 1-1/4
Aggregate cost factor m™= 3-1/2

The above cost factors are our subjective determinations but may
give some feel for the incremental costs of wave energy transducers

compared with diesel generators.

ENERGY STORAGE

The variable nature of indigenous energy supplies and the fluctua-

tions of demand require a combination of conversion and storage systems
to meet the remote base requirements. Wind and wave devices will in-
herently produce energy in the form of electricity and will benefit

most by energy storage systems taking electricity as input. The solar

devices considered produce thermal energy, which is used directly to
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handle thermal loads or is converted to electricity through a Rankine

cycle system. Solar energy can thus be stored at either the thermal

or electrical stages, the former being more efficient in the short term.
Some current concepts for energy storage that seem applicable to

DoD needs are: chemical storage, in the form of either fuel cell pro-

duced hydrogen or electrochemical energy in the battery; thermal stor-

age; and the mechanical storage of energy by means of the flywheel.

Each of these techniques is discussed briefly with respect to its

applicability.

Chemical Storage

Fuel Cells. The purpcse of the fuel cell is the direct conversion
of the chemical energy of fuel to electrical energy. The inherent ad-
vantage of the fuel cell is that it is not subject to the second law
of thermodynamics as is the more conventional heat engine. In the fuel
cell, electrochemical reactions supply power by driving current through
a lozded circuit. The electrochemical reactions take place as a result
of a continuous supply of fuel to the anode and oxidizing agent to the
cathode.

Two types of fuel cells that have been studied for central-station
power generation are the molten carbonate fuel cell and the solid elec-
trolyte fuel =2=11. Molten carbonate fuel cells use an electrolyte that
consists of a . .ary or tertiary eutectic of lithium, sodium, and po-
tassium carbonates.

A study of a large-scale fuel cell power plant of this type was
performed by the Central Electricity Generating Board in Great Britain
in 1962. The results made it apparent that the fuel cell generating
station does not achieve economic parity with the more conventional
steam turbine plant. A study by the Institute of Gas Technclogy in
1970 indicated that more research is needed in such problem areas as
cell performance and material technology of cell components.

A second type of fuel cell that might show applicability is the
solid-electrolyte variety. This fuel cell was examined by the West-~-

inghouse Electric Corporation in 1970 under Project Fuel Cell. The

electrolyte is a thin film of zirconia, the anode is a metal, and the
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cathode is an electronically conductive oxide. The problems associ-
ated with the implementation of this fuel cell lie in the fabrication
process for making the complete cell. There is no guarantee that solu-
tions to the prublems involved in the wide use of fuel cells will be
forthcoming in the near future. Before large-scale development is
practical, more research is needec at the small-scal. stage.

Battery Storage. Electrical power is delivered by the storage

battery as a result of electrochemical reactions occurring at two
electrodes immersed in an electrolytic solution. Electrical energy
is accepted and stored by reversing the chemical reactions. The im-
portant characteristics of the storage battery include its energy
density expressed in watt hours per pound of total weight, its power
density or rate of energy delivery, its life as determined by the
number of cycles or recharges possible, and its cost.

Three types of batteries can be considered for bulk storage--con-
ventional, metal-gas, and high-energy density alkali metal types.
Table 6 shows some of the promising systems and their associated prob-
lems. As can be seen from Table 6, power density falls in the range
of 30-100 W/1b and energy denmsity falls in the range of 10-100 Wh/1b.
The average life of the batteries is about five years. The cost of

lead-acid batteries is about $80/kWh.

Table 6

STORAGE AND CONVERSION SYSTEMS

Performance
Energy Power
Density Density Cycle
System Type (Wh/1b) (W/1b) Life Problems

Lead acid Conventional 10 20-30 1500 -
Zinc-chlorine  Metal-gas 50-70 40-60 Unknown Life
Sodium-sulfur Alkali 80-100 80-100 200-2000 Life and cost
Lithium-sulfur Alkali 100 > 10 2000 Corrosion and

cost
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Advances in battery technology are expected to come from metal-gas

and alkali-metal high-temperature batteries. Th~re are many problems
remaining with regard to the battery system. Among them are the ma-
terials availability question (such as zinc and lead), the problem of

scaling up from the present-day kW size to the MW size, and heat trans-

fer and dissipation.

Thermal Storage
Energy storage is possible through the vaporization, melting, or

simply the heating of a material. The energy becomes useful heat when

the process is reversed. There are two methods currently available for

thermal storage.
The Sensible-heat Method. The sensible-heat method accomplishes

storage by causing a material to rise in temperature. For the most
effective results, the object chosen should have a high specific heat.
Materials frequently used in this way include water, rock, and liquid
sodium. Limitations to the sensible method include the requirement for
large amounts of space and extensive insula‘’ion.

In a feasibility study of a solar energy plant for the southwest,
it was found that to accommodate 10 hours of storage, 1 million cubic
meters of sodium acting as both the storage medium and the transfer
fluid would be necessary.l 1t was concluded that solar power plants
utilizing the sensible method could be most useful as a supplement to

the primary load source.

The Latent-heat Method. A phase change is, of course, necessary

for a method that utilizes latent heat. Thus, e;ther fusion or vapor-
ization may be considered. For example, storing of heat might be
accomplished by the melting of a solid storage medium. When the heat
is required, the liquid is simply resolidified, giving up its latent
heat of fusion. The advantage of this method over the sensihle method
is that a greater amonnt of heat may be stored in the equivalent volume
of material. Additionally, a much smaller tempfrature range (a few de-

grees on either side of the transformation point) is required by the

latent heat method.

lMason Watson, Aerospace Corporation, El Segundo, California.
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The latent heat method also has limitations, many resulting from

the heat-of-fusion material itself. Th.se materials are expensive,
usually corrosive, and prone to supercooling. Storage effectiveness
ic limited, as well, by the problem of the transfer of heat to the
storage medium from the working fluid.

The materials considered for heat—of-fusion.stcrage probably num-
ber in the thousands. Currently several laboratories are examining
eutectic salts, such as sodium nitrate-sodium chloride, as possibil-
iti~s for solar energy generating plants., When thermal storage is the
only heat source in a system, its high cost may be bearable. However,
if circumstances require the addition of an auxiliary or backup heat
source then the total cost of the system could be economically pro-

hibitive.

Flywheels
The energy stored in a rapidly rotating flywheel is given by

where E is the stored energy, I is the moment of inertia, and W is the
angular frequency in radians per second.

Theoretically, by increasing the mass of the flywheel material,
unlinited capacity could be achieved. Hcwever, the high stress placed
on materials of limited strength often causes the flywheel to fail.
Currently, research is being done on materials shaped into long thin
fibres that exhibit unidirectional mechanical properties. Materials
of this type (nclude boron filaments, fiberglass, steel wires, bulk
glass, and Keviar, an organic material from the DuPont Company. Al-
though the cost of these unusual materials is quite high, it might be
lowered by the use of ballast materials. The unidirectional materiais
would be configured as either a fanned circular brush or as consecutive

loops of fibres. Such a flywheel system has an estimated storage effi-

ciency of 80 to 90 percent.
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Materials and design testing is well underway at a number of

facilities (for example, the Johns Hopkins Laboratory), but widespread

use of the flywheel in power station energy storage applications is

not predicted for the near future.
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TV. PARAMETKIC ANALYSIS OF COMBINATION BASE ENERGY SYSTEMS
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In this section we evaluate the relative usefulnoss of solar,
wind, and wave indigenous energy sources in satisfying remote base

power requirements by minimizing equipment sizes and capitalization

T W

costs of various combined indigenous and conventional engine generat-
ing systems for a standard base and then comparing the results. The
methodology developed to do this involves constructing a power-system
flow scheme common to all three indigenous sources. Next. we describe

how solar, wind, and wave power fluxes have been chosen to represent

. the power inputs to a standard-remote Yase (defined below) at various
; geographic locatioms. Standard-base electrical and space heating de-
_ mands are similarly selected and tabulated. The power inputs and

E demands are then used in conjunction with the power-system flow scheme

to obtain optimal equipment size parameters for various combined in-

digenous and conventional engine generating systems. Finally, using

unit cost estimates presented below, capitalization costs of these

various combined systems are calculated and discussed.
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] METHODOLOGY
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i The Standard Base

To compare indigenous fuel sources, it was necessary to define a

standard base and ask how its particular energy demand could be met by
each of the indigenous sources as the base was conceptual” - moved from
one world region to another. A survey of remote bases - iicated that
! the total energy demand of these facilities was generally en the order
of 10 MW (thermal) or less. These pcwer demands are low because these
i bases are specialized and consequently require only a small area and
group of persomnel to carry out their assigned tasks. An exception to
this is the base at Adak, Alaska, which carries out NAVFAC, NAVCOM,
SECGRU, and NAVSTA activities and has a base energy demand of nearly

40 MW (thermal) (excluding motor vehicle and aircraft fuel demands).

IREPSSSREERER .

Because the NAVCOM base at Diego Garcia has an energy demand representa-

!
tive of the more populous smaller remote bases, it was chosen as Our

standard base (SB).




It is clear that the energy demands of a standard base will in-
clude both space heating and air-conditioning demands. These demands
are primarily dependent on the location of the base and not on the
actual operations of the base. Electrical energy (emand that does not
include the power requirements of air-conditionir.g may therefore be
identified as the energy demand that is characteristic only of SB
function. The annual average electrical demand at Diego Garcia is
2.74 MW (electrical) (Gillette and Schubert, 1974), and the average
(SB) demand exc'usive of air-conditioning requirements has been esti-

mated to be 2.35 MWe.

The Power System

A power scheme capable of describing the use of any of our three
indigenous energy sources by a simple change of parameters was de-
veloped in order to facilitate comparison of alternative power systems.
Because there was an expectation that there were particular combina-
tions of indigenous and conventional hydrocarbon systems that would
reduce fuel oil requirements, system cost, or dependency on developirg
technology below certain desired levels, the power scheme was struc-
tured to provide for varying degrees of utilization of conventional
and indigenous energy sources.

The power system uses SB space heating and electrical demands by
location as input in conjunction wifrh indigenous input power levels for
any one of the solar, wind, or wave sources. The fraction of total de-
mand satisfied by the indigenous source in the combined systems is
determined by taking ar arbitrary percentage of the size of the energy
collection device needed for totally indigenous operation. The power
scheme calculates equipment size parameters as output, and these are
used in making the equipment cost estimated below.

Because indigenous energy sources are not usually in an immediately
useful form--i.e., either thermal or nlectrical energy-—-power systems
using such sources must include approriate emnergy conversion devices.
Furthermore, because indigenous energ’ fluxes seldom cqual correspond-
ing demand, optimized systems generally require that energy be stored

during periods of excessive input for later use. The power system

e
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developed here and shown in Fig. 6 incorporates both of these general
features. In this power model, the storage of energy has been assumed
to be accomplished by the use of either fuel cells (to produce hydrogen)
or batteries, since their technologies are fairly far advanced.

We now briefly discuss the operational characteristics of the power
system in Fig. 6. For a more detailed discussion, including the deriva-
tion of appropriate energy balances and operations equations, see Appen-
dix D.

Indigenous energy is collected and input at a power rat: J * A at
the top of the figure. Solar radiative energy is assumed to be absorbed
by a solar thermal collector, and wind and wave energies are assumed to
be converted to electrical power by windmill and wave machine devices.
Because the heat from solar energy is immediately useful for space heat-
ing, it is u<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>